Multiple studies have shown that performance of subjects on a number of visual tasks is worse for non-cardinal than cardinal colors, especially in the red-green/luminance (RG/LUM) and tritan/luminance (TRIT/LUM) color planes. Inspired by neurophysiological evidence that suppressive surround input to receptive fields is particularly sensitive to luminance, we hypothesized that non-cardinal mechanisms in the RG/LUM and TRIT/LUM planes would be more sensitive to stimulus size than are isoluminant non-cardinal mechanisms. In Experiment 1 we tested 9-10 color-normal subjects in each of the three color planes (RG/TRIT, RG/LUM, and TRIT/LUM) on visual search at four bull's-eye dot sizes (0.5°/1°, 1°/2°, 2°/4°, and 3°/6°center/annulus dot diameter). This study yielded a significant main effect of dot size in each of the three color planes. In Experiment 2 we tested the same hypothesis using noise masking, at three stimulus sizes (3°, 6°and 9°diameter Gabors), again in all three color planes (5 subjects per color plane). This experiment yielded, in the RG/TRIT plane, a significant main effect of stimulus size; in the RG/LUM plane, significant evidence for non-cardinal mechanisms only for the 9°stimulus; but in the TRIT/LUM plane no evidence for non-cardinal mechanisms at any stimulus size. These results suggest that non-cardinal mechanisms, particularly in the RG/LUM color plane, are more sensitive to stimulus size than are non-cardinals in the RG/TRIT plane, supporting our hypothesis.
Introduction
It has been estimated that humans can perceive millions of different hues (e.g., Linhares, Pinto, & Nascimento, 2008) . How can we organize these colors, and how does the brain process them?
The colors that we perceive can be represented in a threedimensional color space (see Fig. 1 ) with the axes representing the opponent color preferences of the retinal ganglion (Dacey & Lee, 1994; Kaplan, Lee, & Shapley, 1990; Kolb, 1991) and lateral geniculate nucleus (LGN) cells (Derrington, Krauskopf, & Lennie, 1984; DeValois, Abramov, & Jacobs, 1966; Kaplan et al., 1990) : red versus green (RG), bluish/violet versus yellowish/chartreuse (a.k.a. tritan, TRIT), and black versus white (a.k.a. luminance, LUM). The independence of these axes has also been demonstrated psychophysically, first by Krauskopf, Williams, and Heeley (1982) . This color representation is often referred to as the DKL color space, after the pioneering neurophysiological work by Derrington et al. (1984) , or sometimes MBDKL color space to also include the psychophysical color space of MacLeod and Boynton (1979) . These three axes are referred to as the cardinal axes, and the neurons that register these colors as the cardinal mechanisms.
All colors other than the cardinals, such as orange, burgundy, and sky blue, are known as non-cardinal colors. Neural mechanisms underlying these colors do not emerge until the cortex (Gegenfurtner, 2003) . However, evidence for the existence of mechanisms specifically tuned for non-cardinal colors is mixed. Most studies are able to find evidence for such mechanisms in the isoluminant (RG/TRIT) color plane. But evidence for noncardinal mechanisms in the two planes containing luminance (RG/LUM and TRIT/LUM) is weaker. We will first review evidence for non-cardinal mechanisms in each of three planes of color space, and then we will propose our hypothesis that the two planes containing luminance may be more sensitive to stimulus size.
In the isoluminant color plane, evidence from multiple psychophysical techniques supports the existence of specific noncardinal mechanisms. Note that the studies reviewed here are only a sample of such studies, not an exhaustive summary. (For additional studies of non-cardinal mechanisms, see Gunther (2014a) for a summary table and Eskew (2009) for an extensive review.) One of the first studies to support the existence of separate mechanisms underlying the non-cardinal colors was that of Krauskopf, Williams, Mandler, and Brown (1986) . Although Krauskopf et al. (1982) interpreted their own results as supporting the existence of primarily only the three cardinal mechanisms, Krauskopf et al. (1986) conducted a Fourier analysis of the data of Krauskopf et al. (1982) and found clear non-cardinal peaks in the second harmonic. In addition, in a detection and discrimination experiment, Krauskopf et al. (1986) found that non-cardinal stimuli were discriminated as well as were cardinals, supporting the existence of separate non-cardinal mechanisms. Mollon (1991, 1994) exposed their subjects to adapting stimuli modulated along each of a number of different directions in color space. Following adaptation, sensitivity to the adapted direction was reduced, but sensitivity to the orthogonal direction was mostly unaffected. They saw similar results whether the adapting axes were oriented in cardinal or non-cardinal directions. If only cardinal mechanisms exist to detect color, a non-cardinal adaptor should have fatigued both the RG and TRIT cardinal mechanisms, thus reducing sensitivity in all directions in the color plane. However, selective adaptation to the adapted non-cardinal axis with sparing of sensitivity to the orthogonal non-cardinal axis suggests the existence of non-cardinal color mechanisms. Stoughton, Lafer-Sousa, Gagin, and Conway (2012) found similar results following adaptation in macaque subjects. Using a different paradigm, Krauskopf, Wu, and Farell (1996) looked at the coherence of plaid stimuli. Plaids are composed of two superimposed sinusoidal gratings, oriented 90°apart from each other, drifting perpendicularly to the orientation of their stripes. The theory underlying the use of these stimuli holds that if the two component gratings tap the same underlying neural mechanisms, they cohere into a plaid that appears to drift as a single object. If, instead, the two component gratings tap separate underlying mechanisms, the gratings appear to slip across one another. If the two component gratings are non-cardinal colors, such as orange/turquoise and purple/lime, they might both tap the underlying cardinal RG and TRIT mechanisms and thus the plaid would cohere. Alternately, they could tap separate non-cardinal orange/turquoise and purple/lime mechanisms and thus slip across one another. Krauskopf et al. (1996) found that the latter occurred, non-cardinal components slip, thus supporting the existence of separate underlying mechanisms for non-cardinal colors. Li and Lennie (1997) used noise masks as their stimulipatches of color embedded in pixelated noise. If the color patch and the noise are detected by separate mechanisms, the stimuli can be easily detected. All three of Li and Lennie's subjects could detect purple/lime (which they called purple/yellow-green) patches when embedded in orange/turquoise (which they called orange/blue-green) noise at the same contrast as when unmasked. One of their three subjects could easily detect orange/turquoise patches when embedded in purple/lime noise -the other two subjects required higher contrast stimuli when embedded in noise as compared with unmasked thresholds. Hansen and Gegenfurtner (2006) also examined the effects of noise on stimulus detection, but with four non-cardinal directions (30, 60, 120, and 150°b etween the cardinals), rather than the two (45 and 135°between the cardinals) that Li and Lennie tested. They, too, found evidence for separate non-cardinal mechanisms in all directions tested. This was true whether they used a single noise direction, or whether they bracketed the signal direction with two-sided noise. In a visual search study (Gunther, 2014b) , subjects searched for bull's-eye targets from one color axis in amongst bull's-eye distractors from the orthogonal color axis. Non-cardinal visual search is facilitated by the existence of separate underlying mechanisms for each non-cardinal axis. If such mechanisms do not exist, both cardinal mechanisms in the plane being tested (e.g., RG and TRIT) will respond to both the target (e.g., orange/turquoise) and the distractors (e.g., purple/lime). In the isoluminant plane, Gunther's subjects performed equally well on cardinal (RG vs. TRIT) and non-cardinal (orange/turquoise vs. purple/lime) visual searches, supporting the existence of separate non-cardinal mechanisms. McDermott, Malkoc, Mulligan, and Webster (2010) found that visual search of an orthogonally-colored target was facilitated when subjects adapted to the distractor/background color axis, more than when subjects adapted to the target color axis. This was true for cardinal and for non-cardinal axis pairings. In one contradictory study, a factor analysis on contrast sensitivity data, Gunther and Dobkins (2003) failed to find evidence for noncardinal mechanisms in the isoluminant plane. This could occur if the mechanisms are separable, as determined by the other psychophysical techniques above, but not entirely independent and instead partially intercorrelated. In summary, the majority of the evidence supports that there are strong non-cardinal neural mechanisms in the isoluminant plane.
Non-cardinal mechanisms seem to be less strong in the RG/LUM and TRIT/LUM planes. Mollon (1991, 1994) found mixed adaptation effects for non-cardinal stimuli in these two planes, with some subjects showing good selective adaptation (e.g., an intense-red/dim-green adaptor does not affect detection of an intense-green/dim-red stimulus), but other subjects showing crossed adaptation. In their plaid coherence experiment, Krauskopf et al. (1996) found that plaids comprising orthogonal non-cardinal component gratings in the RG/LUM and TRIT/LUM planes tended to cohere, not slip. This implies that the non-cardinal components were both detected by the cardinal mechanisms (i.e., RG and LUM, or TRIT and LUM depending on the color plane), rather than there being separate neural mechanisms underlying the perception of non-cardinal stimuli in these two color planes. Similarly, in Li and Lennie's (1997) noise masking experiment, they found that noise masks in the two 45°non-cardinal directions in these color planes equally masked both non-cardinal directions, arguing against separate non-cardinal mechanisms. And finally, in Gunther's (2014b) visual search paradigm, subjects performed significantly worse on non-cardinal searches as compared with cardinal searches, in both the RG/LUM and TRIT/LUM color planes.
In contrast to the previous paragraph, some studies have found evidence for clear non-cardinal mechanisms in the RG/LUM and TRIT/LUM color planes. Gegenfurtner and Kiper (1992) measured the ability of pixelated noise to mask the perception of sine wave gratings in the RG/LUM color plane. They found that the threshold to detect an intense-red/dim-green grating needed to be increased in the presence of intense-red/dim-green noise, but not in the presence of the orthogonal (intense-green/dim-red) noise (and the converse for an intense-green/dim-red grating), indicating the existence of separate underlying non-cardinal mechanisms. Hansen and Gegenfurtner (2006) , in their noise masking experiment, also found evidence for non-cardinal mechanisms in the RG/LUM color plane (they did not test the TRIT/LUM plane). Further, evidence for non-cardinal mechanisms was seen whether the noise mask was presented along a single color axis, or whether it was two-sided noise, bracketing the target direction. In their factor analysis, Gunther and Dobkins (2003) found evidence for independent cardinal and non-cardinal mechanisms in both the RG/LUM and the TRIT/LUM color planes. Nagy and Winterbottom (2000) found that two of their three subjects could easily search for an intense-red target in intense-green/dim-red noise, and all three subjects showed facility with an intense-blue target in intense-yellow/dim-blue noise. And finally, McDermott et al. (2010) found differential effects of adaptation on visual search for adaptation to the distractor/background color axis versus adaptation to the orthogonal target color axis, although ''less robust" (p. 11) than in the isoluminant color plane.
These discrepant results show that it is possible to provide evidence for non-cardinal mechanisms in the RG/LUM and TRIT/LUM color planes, but harder than in the isoluminant plane. Why have subjects performed more poorly on non-cardinal colors in these color planes? Inspired by the neurophysiological data of Solomon, Peirce, and Lennie (2004) , the current study examines one possible factor: stimulus size. Eskew (2009) also raised the possibility of stimulus size being a factor in revealing noncardinal mechanisms. Solomon et al. (2004) found that neurons' suppressive surrounds are particularly sensitive to luminance stimuli. The suppressive surround is a region of space surrounding the classical receptive field, which does not produce a response when stimulated alone, but which does reduce the response to a stimulus simultaneously presented to the center of the receptive field. Solomon et al., in neurophysiological recordings from macaque areas V1 and V2, found that the suppressive surround was especially sensitive to luminance. This was particularly true for V1 neurons. Larger stimuli would be more likely to tap both the excitatory classical receptive field and the suppressive surround, thus decreasing the neuronal response to the stimulus. If a luminance-sensitive suppressive surround thus restricts the optimal stimulus size, non-cardinal mechanisms in the two planes with luminance may be best revealed within a narrow range of stimulus sizes. Note that we are using these physiological data as an inspiration for the hypothesis that stimulus size may be important in detecting non-cardinal mechanisms -we are not necessarily saying that these specific neurons are in fact that mechanism.
Therefore, we hypothesize that non-cardinal mechanisms in the RG/LUM and TRIT/LUM color planes will be more sensitive to stimulus size than will the non-cardinal mechanisms in the isoluminant color plane. To observe the effect of stimulus size, we tested this hypothesis in all three color planes (RG/TRIT, RG/LUM, and TRIT/LUM), in two paradigms (visual search and noise masking), and at varying stimulus sizes (0.5°/1°, 1°/2°, 2°/4°, and 3°/6°cen-ter/annulus diameters of visual search bull's-eye stimuli; 3°, 6°, and 9°diameter noise masking stimuli).
Methods

Experiment 1: visual search
Subjects
We tested 10 subjects in each color plane. Subjects participated in one to three color planes, for a total of 12 subjects (three female and nine male). Subject ages ranged from 19 to 44 (M = 24.2 ± 7.6 years). We had to remove the data for one subject from the TRIT/LUM color plane, as one stimulus was tested at the wrong size -thus this color plane contains data for 9 subjects.
All subjects had normal or corrected to normal vision, and normal color vision as determined by the Farnsworth-Munsell 100 Hue Test (error scores 650). The experiment was approved by the Wabash College Institutional Review Board and all subjects gave informed consent. The work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus
The stimuli were programmed in Matlab (The Math Works), interfaced with the ViSaGe visual stimulus generator (Cambridge Research Systems, CRS). The stimuli were presented on a 19
00 ViewSonic G90fb monitor with a 100 Hz refresh rate and 1024 Â 768 pixel resolution. Calibration of the monitor was verified daily using a PR-655 Spectroradiometer (Photo Research) by measuring the luminance of red, green, violet, and chartreuse. If the Michelson contrast (e.g., [LUM red À LUM green ]/[LUM red + LUM green ]) of the red vs. green or violet vs. chartreuse was beyond ±2%, the monitor was recalibrated, using the ColorCAL (CRS) and CRS's gamma correction software. Each subject was seated in a chair with a chinrest positioned 57 cm in front of the monitor, in a dark windowless room. Subjects used a CB6 response box (CRS) to make their responses.
Experiment 1 overview
In this experiment we used visual search to test the hypothesis that stimulus size affects non-cardinal color mechanisms in the RG/LUM and TRIT/LUM color planes. The stimuli in Experiment 1 were bull's-eye dots -the center dot sizes were 0.5, 1, 2, and 3°. The annulus dot sizes were twice the center diameter. These stimulus sizes were chosen based on the receptive field sizes from Solomon et al. (2004) . Solomon and colleagues found that neurons in primary visual cortex yield maximal response to stimuli that are 1-2°in diameter, and Cavanaugh, Bair, and Movshon (2002) found foveal (central 5°) V1 receptive field centers to average 0.78°and surrounds to average 2.5°in diameter. The 0.5°center diameter dots are thus smaller than the optimal stimuli, and the 3°center diameter dots are thus larger than the optimal stimuli.
Subjects first determined their isoluminance settings for the RG and TRIT stimuli via heterochromatic flicker photometry (HFP; Ives, 1912) . RG isoluminance varies across subjects largely as a result in variation in L:M cone ratio (Bieber, Kraft, & Werner, 1998; Kremers et al., 2000; Vimal, Pokorny, Smith, & Shevell, 1989) and optical pigment density (Bieber et al., 1998) . TRIT isoluminance varies across subjects largely due to differences in macular pigment density, which absorbs wavelengths below 520 nm, making the violet phase appear darker (Bone, Landrum, & Cains, 1992; Wooten & Hammond, 2005) . If these are not corrected for, the stimuli will contain a luminance artifact. Subjects' contrast thresholds were determined at each of the four stimulus sizes for each cardinal axis (RG, TRIT, and LUM), for a total of 12 thresholds for each subject. Non-cardinal colors were calculated at 45°and 135°between the two neighboring cardinals, in equal threshold space, for each subject individually, as we (Gunther, 2014a (Gunther, , 2014b Gunther & Dobkins, 2003) and others (Krauskopf et al., 1996; Li & Lennie, 1997; Nagy & Winterbottom, 2000; Webster & Mollon, 1994) have done before. Isoluminant settings were then determined for the non-cardinal stimuli in the isoluminant plane (orange/turquoise and purple/lime) for each of the four dot sizes, resulting in eight non-cardinal isoluminant HFP settings. Upon completion of setup, the eight visual search blocks (four dot sizes x cardinal or non-cardinal) were tested in random order.
Determining isoluminance
Stimuli: The stimuli used to determine isoluminance were vertically-oriented, 4°diameter Gaussian-filtered (standard deviation of 1), sine wave gratings. The spatial frequency was 0.57 cyc/ deg (in the middle of the size range of the visual search dots). As Dobkins, Gunther, and Peterzell (2000) showed that isoluminance varies little with spatial frequency (with stimuli flickering above 2 Hz), isoluminance was measured at just one spatial frequency. The temporal frequency was 5 Hz (chosen to match the 200 ms presentation time of the visual search stimuli), counterphase flicker. Isoluminance was determined for the red/green and violet/chartreuse cardinal colors (see Table 1 for MacLeod-Boynton (1979) color space coordinates). The background gray was the mean chromaticity and luminance (see Table 1 ). A black 0.2°circu-lar fixation dot was present for the duration of the settings.
Procedure: Participants determined isoluminance via heterochromatic flicker photometry by adjusting the relative luminances of the two phases of the sine wave (e.g., red and green) until the flicker was minimal, a percept that occurs when the two phases are equal in luminance. The CB6 response box (CRS) was used to make either coarse (0.5 cd/m A separate button was used to submit the trial and initiate the following trial. New trials started at a random luminance ratio. Twenty trials were performed. If the standard deviation of the Michelson contrast at isoluminance exceeded 5%, additional trials were performed until the 20 most recent trials met the criterion. Isoluminance was determined as the average across the 20 settings. Threshold determinations and visual searches were conducted at each subject's isoluminance.
2.1.5. Determining contrast threshold Stimuli: Contrast thresholds were determined at the four stimulus sizes for the three cardinal axes (RG, TRIT, and LUM). The stimuli consisted of center/annulus bull's-eye dots. The center diameters were 0.5, 1, 2, and 3°. The annulus diameters were twice as large. The stimuli had square-wave edges, not Gaussian filtered. The MacLeod-Boynton color coordinates were as presented in Table 1 (the background was again gray). Which color (e.g., red vs. green) was presented as the center versus the annulus alternated across trials. Only one cardinal axis was tested in a given block of trials. Stimuli appeared for 200 ms. Stimuli were presented at 10 contrasts, ranging from 0% contrast (background gray) up to approximately 2.5 times the first author's threshold -the range was designed to capture all subjects' thresholds. Each contrast was presented 30 times, in random order. Each threshold was thus based on 300 trials. A black fixation square (0.2°Â 0.2°) was present for the duration of the testing, centered on the monitor. The stimuli appeared above or below fixation (randomly determined) at a distance twice their center dot diameter.
Procedure: Subjects performed a spatial 2-alternative forcedchoice (2AFC) task, indicating via the CB6 response box (CRS) whether the stimulus was detected above or below the fixation dot. Subjects initiated each trial. Thresholds were determined at 75% correct by fitting the data to a 10-point sigmoidal function. Each color axis by stimulus size was tested in a separate block of trials. Note that subjects participating in only one color plane determined thresholds only for the cardinal two axes relevant for that plane.
Creation of non-cardinal colors
Non-cardinal colors were calculated half-way between the cardinal axes (at 45°and 135°), in equal threshold space for each subject. Because the ratio of thresholds for cardinal axis 1 versus cardinal axis 2 varies with stimulus size, non-cardinals were created separately for each stimulus size. (Calculating the cardinal axis threshold ratio across all four stimulus sizes, and the standard deviation of this ratio across the four stimulus sizes, the percent the standard deviation was of the mean ratio, averaged across all subjects in the isoluminant plane, was 34%. In the RG/LUM plane, the average percent standard deviation of mean ratio was 29%. In the TRIT/LUM plane, this value was 53%. Thus, this was a necessary control; not controlling for this variability would create artifacts in the stimuli.) This means that the colors may be slightly different for each stimulus size, and for each subject, but they would be mid-way between the cardinal axes for that particular stimulus size and subject. In the RG/TRIT (isoluminant) color plane, the non-cardinal colors were orange/turquoise and purple/lime. In the RG/LUM color plane, the non-cardinal colors were intensered/dim-green and intense-green/dim-red. And in the TRIT/LUM color plane the non-cardinal colors were intense-violet/ dim-chartreuse and intense-chartreuse/dim-violet.
Isoluminance was then determined as above (Section 2.1.4), for the eight non-cardinal stimuli in the isoluminant color plane (four dot sizes, for each of orange/turquoise and purple/lime). Visual searches were conducted at isoluminance for each subject for each dot size.
Visual search
Stimuli: The same bull's-eye dots that were used to determine thresholds were used in the visual search. Here they were presented at five times each subject's threshold. Visual searches were performed on cardinal colors (e.g., RG vs. TRIT) or on non-cardinal colors (e.g., orange/turquoise vs. purple/lime) -visual searches were never done on a cardinal vs. non-cardinal stimulus. Each block of trials (n = 80) consisted of one cardinal axis pair or one non-cardinal axis pair, and one stimulus size. Target present trials (n = 40) consisted of five bull's-eye dots from one color axis and one from the orthogonal axis (see Fig. 2 ). Target absent trials (n = 40) consisted of all six bull's-eye dots from the same color axis. On half of the trials (n = 40), axis 1 (e.g., orange/turquoise) formed the distractors, while on the other half (n = 40), axis 2 (e.g., purple/ lime) formed the distractors.
Which pole of the axis formed the center versus the annulus of the dots was randomized, ensuring that on non-cardinal trials subjects had to use non-cardinal mechanisms. If all of the distractors had lime centers and purple annuli, and the target a turquoise center and orange annulus, subjects could look for the violet pole of the TRIT mechanism for the turquoise target center versus the chartreuse pole of the TRIT mechanism for the lime distractor centers, using a single cardinal mechanism. With random poles in the center and annulus, the distractor centers (and annuli) stimulate both poles of the TRIT mechanism: violet for purple centers, and chartreuse for lime centers. Thus, the TRIT cardinal mechanism alone cannot identify turquoise target centers amongst purple and lime distractor centers. The stimuli were presented for 200 ms to prevent saccades. The stimuli were spaced randomly in a 5 Â 5 matrix centered on the monitor, spanning four times the annulus size, both horizontally and vertically. A fixation dot was not presented.
Note that these dots had center/annulus organization not to directly map onto the neurons' centers and surrounds, but to be able to present both poles of the stimuli simultaneously. For the non-cardinal stimuli in the RG/LUM and TRIT/LUM color planes, both center and annulus of the stimuli had both chromatic and achromatic components.
Procedure: Subjects performed a 2AFC target present/absent visual search. For each color plane, eight visual searches were conducted: cardinal or non-cardinal by four dot sizes. The visual searches were presented in random order.
Percent hit minus percent false alarm was recorded, to correct for guessing. Reaction time (commonly measured in visual search tasks) was not recorded here.
Experiment 2: noise masking
An anonymous reviewer pointed out that the stimuli used in Experiment 1 confounded spatial frequency with stimulus size: by increasing center and annulus together, we reduced spatial frequency as we increased stimulus size. Thus, Experiment 2 used gratings all of 0.57 cyc/deg but varied in the size of the Gabor patch. Further, gratings may better stimulate cortical neurons than did the bull's-eye dots in Experiment 1 (Stoughton et al., 2012) . (Stoughton and colleagues used 0.5 cyc/deg gratings.) For example, Gegenfurtner and Kiper (1992) found evidence for non-cardinal mechanisms in the RG/LUM plane when using a 1.2 cyc/deg grating stimulus but not when using a 2°square that modulated in color temporally but not spatially. Recall from the Introduction (Section 1) that non-cardinal mechanisms are not thought to emerge until the cortex (Gegenfurtner, 2003) . Thus, Experiment 2 is a more rigorous test of our hypothesis that attributes such as luminance-sensitive suppressive surrounds (Solomon et al., 2004 ) may affect the size-sensitivity of noncardinal mechanisms especially in the RG/LUM and TRIT/LUM color planes.
In addition, the larger stimulus sizes used in this experiment may better test our hypothesis of stimulus size affecting noncardinal perception in the TRIT/LUM color plane. Konio LGN cells underlie tritan perception (Hendry & Reid, 2000; Martin, White, Goodchild, Wilder, & Sefton, 1997; Szmajda, Buzas, Fitzgibbon, & Martin, 2006) . Although konio cells have small cell bodies (Casagrande, 1994; Hendry & Reid, 2000; Martin et al., 1997) , they have large receptive fields (Casagrande, 1994; Hendry & Reid, 2000; Szmajda et al., 2006) .
In Experiment 2, subjects determined the threshold to detect gratings from one color axis when embedded in pixelated noise (which looks like snow on a television) from either the same color axis (''aligned" condition) or when embedded in pixelated noise from the orthogonal color axis (''orthogonal" condition). Noise masking has been used previously to study non-cardinal mechanisms (Eskew, Newton, & Giulianini, 2001; Gegenfurtner & Kiper, 1992; Gunther, 2014a; Hansen & Gegenfurtner, 2006 , 2013 Li & Lennie, 1997) . This task is slightly modified from Gunther (2014a) , in particular varying the sizes of the target stimuli.
Subjects
In Experiment 2 we tested five subjects in each color plane. One woman, age 45, was tested in all three color planes. In addition, four male subjects were tested in each color plane, although they did not participate in all color planes. In the isoluminant color plane the average age of the male subjects was 19.75 ± 1.26 years; in the RG/LUM color plane the average age was 19.5 ± 0.58 years; and in the TRIT/LUM the average age was 19.75 ± 1.26 years. Note that an additional four subjects were started in the TRIT/LUM color plane, but we could not obtain low enough thresholds on the 3°tri-tan stimulus (<20% maximal monitor contrast) to be able to present the noise mask at five times their thresholds -data collection was not completed for these subjects.
As in Experiment 1, all subjects had normal or corrected to normal vision, and normal color vision as determined by the Farnsworth-Munsell 100 Hue Test (error scores 650). The experiment was approved by the Wabash College Institutional Review Board and all subjects gave informed consent. The work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Cardinal
Non-cardinal 
Apparatus
The same apparatus as was used in Experiment 1 (Section 2.1.2) was used here.
Determining isoluminance
This was identical to as performed in Experiment 1 above (Section 2.1.4) -both stimuli and procedure are unchanged for Experiment 2.
Determining contrast threshold
Stimuli: The stimuli used to determine contrast threshold for Experiment 2 were the same 0.57 cyc/deg, 5 Hz flickering, vertically-oriented, Gaussian-filtered (standard deviation of ¼ stimulus size) sine wave gratings that were used to determine isoluminance. However, here they varied in size: diameters of 3, 6, and 9°-these correspond to inner dot diameters of 1.5, 3, and 4.5°in the visual search Experiment 1. (Note that thresholds to detect the tritan stimuli at sizes smaller than 3°were too high to be able to present the noise masks at 5x threshold, thus smaller stimulus sizes were not used here.) As in Experiment 1, detection thresholds were determined for the three cardinal axes (RG, TRIT and LUM; see Table 1 for color coordinates), at each stimulus size. Because the target stimulus and the noise mask were interleaved on alternating refreshes of the monitor (see Section 2.2.5 below), baseline thresholds to detect each non-cardinal stimulus were determined with background gray ''noise masks" interleaved with the target stimuli, as the interleaving cuts the apparent stimulus contrast in half. Stimuli ramped on and off for a total duration of 2 s. The stimuli appeared left or right of fixation at a distance equal to half of their diameter. The remainder of the stimulus parameters were as in Experiment 1 (Section 2.1.5).
Procedure: The same procedure as was used in Experiment 1 (Section 2.1.5) was used here. As in Experiment 1, the non-cardinals were created in equal threshold space separately for each stimulus size. Isoluminance was then determined for the orange/turquoise and purple/lime stimuli.
Noise masking
Stimuli: This task contained two types of stimuli: the target Gabors and the noise masks.
The target Gabors were identical to those used to determine isoluminance (Section 2.1.4), except that they varied in size: diameters of 3, 6, and 9°.
The noise mask consisted of a 20°Â 10°horizontal rectangle (centered on fixation), filled with 0.1°Â 0.1°square dots of white noise varying between the two endpoints of the color axis of choice (e.g., red and green). The dots counterphase flickered at a rate of 5 Hz. Upon changing from one trial to the next, the locations of the noise dot contrasts were re-randomized. The contrast was set to 5x the subject's threshold to detect that color axis (Section 2.2.4). The noise mask remained visible for the duration of the block of 300 trials.
The target stimulus and the noise mask were interleaved on alternating refreshes of the monitor. At a refresh rate of 100 Hz, the target and noise stimuli appear to coexist.
Procedure: Thresholds to detect the Gabor targets were determined via a left/right 2AFC, as for determining contrast threshold (Section 2.2.4). Thresholds were determined for each axis with noise from the same axis (''aligned" condition) and with noise from the orthogonal axis (''orthogonal" condition). As with the visual search in Experiment 1, cardinal and non-cardinal colors were never paired. Within a plane, the order of presentation of the 24 thresholds [2 masking conditions (aligned or orthogonal mask) Â 4 axes (2 cardinal and 2 non-cardinal) Â 3 stimulus sizes] was randomized for each subject.
Results
Experiment 1: visual search
Our hypothesis was that we should see an effect of dot size in the two planes with luminance but not in the isoluminant color plane. However, two-factor (4 dot sizes Â cardinal/non-cardinal color axis) repeated measures ANOVAs yielded significant effects of dot size in all three color planes (see Fig. 3 ). Some but not all subjects gave data in multiple color planes, so a three-factor ANOVA including color plane is not possible.
In the isoluminant color plane, we obtained a main effect of dot Note that although we did find main effect of color axis in this color plane, a finding contrary to the lack of a cardinal/non-cardinal difference in Gunther (2014b) , here the superior performance is seen for the non-cardinal colors, not the cardinal ones. In the following two color planes, the significant main effect of color axis is due to worse performance on the non-cardinals. In the RG/LUM color plane, there was, consistent with our hypothesis, a significant main effect of dot size [F(3,27 color plane is consistent with our hypothesis, but the effect size here is essentially the same size as was obtained for the isoluminant color plane. As we hypothesized an effect of dot size in the TRIT/LUM color plane but not in the isoluminant plane, the results in this color plane partially support our hypothesis. The main effect of color axis in the RG/LUM and TRIT/LUM color planes is consistent with previous data from our lab (Gunther, 2014b) , in that subjects performed worse on non-cardinals in these two planes.
Experiment 2: noise masking
The threshold to detect the gratings in aligned noise was divided by the threshold to detect the gratings in orthogonal noise, for each subject. Separate underlying mechanisms are revealed by a larger masking effect of aligned noise than orthogonal noise, revealed by a ratio >1.0. A ratio equal to 1.0 indicates that aligned and orthogonal noise had equal masking effects. For non-cardinal stimuli, a ratio of 1.0 would indicate that each non-cardinal color is detected by the two shared underlying cardinal mechanisms, rather than by mechanisms specific to the non-cardinal orientations. Performance on the two cardinal colors was averaged, as was performance on the two non-cardinal colors. These values were then averaged across subjects. The results are shown in Fig. 4 . Two-factor (3 stimulus sizes Â cardinal/non-cardinal color axis) repeated measures ANOVAs were conducted for each color plane separately -some but not all subjects gave data in multiple color planes, so a three-factor ANOVA including color plane is not possible.
In the isoluminant color plane the repeated measures ANOVA revealed a significant main effect of stimulus size [F(2,8) previous studies that have found superior performance on cardinal when compared with non-cardinal stimuli in this color plane (Gunther, 2014b; Li & Lennie, 1997; Webster & Mollon, 1991 , 1994 . In the TRIT/LUM plane there was no main effect of stimulus size smallest stimulus used in this study. It is a bit unclear why the cardinal colors at 6°and 9°did not show a selective effect of the mask, especially given that Gunther (2014a) did find selective cardinal masking with 5°stimuli and the same mask strength as was used here (5x threshold). Li and Lennie (1997) also found selective cardinal masking, with a 4°square stimulus, but stronger mask at the maximal obtainable on their monitor. It is possible that stimulus size also affects cardinal masking, as neither of these studies looked at stimuli as large as 6°.
Discussion
Inspired by the neurophysiological results of Solomon et al. (2004) that receptive field suppressive surrounds are particularly sensitive to luminance, we predicted that non-cardinal mechanisms in the RG/LUM and TRIT/LUM color planes would be more sensitive to stimulus size than would non-cardinal mechanisms in the isoluminant plane, and that this size sensitivity may explain why non-cardinal mechanisms in these two color planes is harder to find support for. Our hypothesis was partially supported. Experiment 1 (visual search, Section 3.1 above) yielded significant effects of stimulus size in all three planes -the largest effect was in the RG/LUM color plane. In Experiment 2 (noise masking, Section 3.2 above) we again saw an effect of stimulus size in the isoluminant and RG/LUM color planes. Of particular note, in the RG/LUM color plane in the noise masking experiment there was little evidence for non-cardinal mechanisms at the smaller stimulus sizes (3°and 6°), but strong evidence with the 9°stimulus. In the TRIT/LUM color plane, despite using stimuli larger than in Experiment 1, which should better stimulate the konio pathway, in Experiment 2 none of the stimulus sizes showed evidence for the existence of noncardinal mechanisms. Thus, we do not have a parsimonious explanation of the poorer performance on non-cardinal stimuli in the two planes with luminance -stimulus size at least partially explains the effect in the RG/LUM color plane, but less-so in the TRIT/LUM color plane.
Comparing our results in the RG/LUM color plane with those in the literature, all of the studies cited in the introduction that failed to find strong evidence for non-cardinal mechanisms used stimuli no larger than 5°: Mollon (1991, 1994) used 2°stimuli in both studies, Gunther (2014b) used 2.5°stimuli, Li and Lennie's (1997) target square was 4°on a side, and Krauskopf et al. (1996) presented their plaids through 5°apertures. In addition, the noise masking experiment of Gunther (2014a), using 5°stimuli, failed to find strong evidence for non-cardinal mechanisms in this color plane. In contrast, the studies cited in the introduction that successfully found find evidence for non-cardinal mechanisms in the RG/LUM color plane used stimuli at or larger than 5°: Gegenfurtner and Kiper (1992) used 5°stimuli, Dobkins (2003) used 5.4°stimuli, and Gegenfurtner (2006) used 8°Â 8°squares. These results are consistent with our noise masking results, where we only found evidence for non-cardinal mechanisms with the 9°stimuli, but not with the 3°or 6°stimuli. However, the visual search data (Experiment 1) show the opposite pattern: respectable performance with the smaller stimuli (0.5°and 1°inner diameter), but performance dropping off with larger stimuli.
Our quest for an explanation for the inconsistent performance of non-cardinal mechanisms in the RG/LUM color plane brought us to examine stimulus size because Solomon et al. (2004) showed that suppressive surrounds are particularly sensitive to luminance. This would predict that smaller stimuli might better reveal noncardinal stimuli, as the response to larger stimuli should be suppressed. Our visual search data (Fig. 3) do align with this prediction. However, in our noise masking experiment (Fig. 4) , it is the largest stimulus that shows evidence for underlying noncardinal mechanisms. The two tasks may differentially stimulate the neural computations that construct the mechanisms underlying our perception of non-cardinal colors. It is also possible that the stimulus characteristics (bull's-eye dots versus grating) might underlie these differences, as whole-field stimuli better stimulate LGN neurons and gratings better stimulate cortical neurons (Gegenfurtner & Kiper, 1992; Stoughton et al., 2012) . However, Stoughton and colleagues did find some non-cardinal selective adaptation with full-field (i.e., pre-cortical) stimuli. In conclusion, both paradigms tested in the current study do show sensitivity to stimulus size in their ability to reveal non-cardinal mechanisms in the RG/LUM color plane.
In the TRIT/LUM color plane, our data provide less strong support for an effect of stimulus size on non-cardinal performancewe found no evidence to support the existence of TRIT/LUM non-cardinal mechanisms via noise masking at any of our stimulus sizes, but our visual search results show moderate ability to use non-cardinal mechanisms to perform visual search with smaller stimuli, dropping off with the largest stimuli. Part of the reason that the neurons in the TRIT/LUM plane may not be as sensitive to stimulus size may be due to the small bistratified retinal ganglion cells (RGCs) and koniocellular lateral geniculate nucleus (LGN) cells that process TRIT input having co-extensive excitatory (usually S) and inhibitory (usually L + M) cone inputs (Chichilnisky & Baylor, 1999; Crook et al., 2009; Dacey, 1999; Hendry & Reid, 2000; Wiesel & Hubel, 1966; Zrenner & Gouras, 1981) . In contrast, the midget RGC and parvocellular LGN neurons of the RG pathway (Dacey, 1999; Lee, Martin, & Grünert, 2010; Wiesel & Hubel, 1966) and parasol RGC and magnocellular LGN neurons of the LUM pathway (Dacey, 1999; Lee et al., 2010; Wiesel & Hubel, 1966) have center/surround organization. Large stimuli will stimulate the inhibitory surround of the classical receptive fields, reducing the neuronal response, making the neuron more sensitive to stimulus size. Without the classical receptive field center/surround spatial antagonism, the tritan neurons may be expected to be less sensitive to stimulus size. Crook et al. (2009) , in electrophysiological recordings, in fact showed that small bistratified retinal ganglion cell response to increasingly large stimuli plateaued -thus above a certain preferred stimulus size, neuronal response failed to discriminate between stimuli of varying sizes.
Stimulus size is just one piece for why non-cardinal mechanisms are more difficult to identify in the RG/LUM and TRIT/LUM color planes than in the isoluminant color plane. Another possible explanation for the weaker effect in the TRIT/LUM color plane comes from Wade's (2009) finding that timing is critical in the ability of a luminance surround to suppress a tritan stimulus. He found that simultaneous presentation of luminance surround and tritan stimulus did not suppress detection of the tritan stimulus. Significant suppression was instead found when the luminance surround followed the tritan stimulus by 40 ms. Wade explained the difference between his lack of suppression with simultaneous presentation, and Solomon et al.'s (2004) finding of luminance surround suppression, by the difference of the duration of the stimuli -Wade's were 50 ms, Solomon et al.'s were around 2 s. The 2 s duration would have allowed the 40 ms lag of the tritan signal to catch up to the luminance signal. In our visual search experiment (Experiment 1), our presentation time was 200 ms. In our noise masking experiment (Experiment 2), the stimuli ramped on and off over 2 s, but were at full contrast for less than 2 s. In light of Wade's findings, our presentation times might have been somewhat brief to reveal the luminance suppressive surround of Solomon et al., thus reducing the effect size of stimulus size in the TRIT/LUM color plane. A future study could examine the effects of timing on revealing non-cardinal mechanisms in this color plane.
One other possible explanation for the poorer performance on non-cardinals in the two planes with luminance is that neurophysiological studies do not find many neurons tuned to these directions. Kiper, Fenstemaker, and Gegenfurtner (1997) found that although V2 neurons will respond to intense-red/dim-green, the same neurons will also respond to the opposite polarity, intensegreen/dim-red. They found that a minority of neurons were selective for one non-cardinal direction. Conway, Moeller, and Tsao (2007) explored regions that they label ''globs" in V4 (the putative ''color" cortex) and adjacent regions. Although they found neurons tuned to all directions in the isoluminant plane, they found that few neurons had a preference for one specific hue and one specific luminance. Such a neuron would show a preference for noncardinal colors in the RG/LUM or TRIT/LUM color planes. Viewing Wade's (2009) findings from a Hebbian standpoint (neurons that fire together get wired together), it might be hard for the visual system to create non-cardinal stimuli in the TRIT/LUM color plane if the signals from the two cardinal axes are not arriving synchronously.
In summary, we have replicated previous studies which showed strong evidence for non-cardinal mechanisms in the isoluminant color plane (Gunther, 2014b; Hansen & Gegenfurtner, 2006; Krauskopf et al., 1986 Krauskopf et al., , 1996 Li & Lennie, 1997; Stoughton et al., 2012; Webster & Mollon, 1991 , 1994 , but weaker in the RG/LUM and TRIT/LUM color planes (Gunther, 2014b; Krauskopf et al., 1996; Li & Lennie, 1997; Webster & Mollon, 1991 , 1994 . Interestingly, in both Experiment 1 (visual search) and Experiment 2 (noise masking) performance on non-cardinal colors in the isoluminant plane was better than performance on cardinal colors. The difficulty in finding solid evidence for the existence of non-cardinal mechanisms in the two planes with luminance may in part be due to greater sensitivity to stimulus size (especially in the RG/LUM color plane).
